Migraine is considered a neurovascular disease affecting more than 10% of the general population. Currently available drugs for the acute treatment of migraine are vasoconstrictors, which have limitations in their therapeutic use. The calcitonin gene-related peptide (CGRP) has a key role in migraine, where levels of CGRP are increased during acute migraine attacks. CGRP is expressed throughout the central and peripheral nervous system, consistent with control of vasodilatation and transmission of nociceptive information. In migraine, CGRP is released from the trigeminal system. At peripheral synapses CGRP results in vasodilatation via receptors on the smooth muscle cells. At central synapses, CGRP acts postjunctionally on second-order neurons to transmit pain centrally via the brainstem and midbrain to higher cortical pain regions. The recently developed CGRP-receptor antagonists have demonstrated clinical efficacy in the treatment of acute migraine attacks. A remaining question is their site of action. The CGRP-receptor components (calcitonin receptor-like receptor, receptor activity modifying protein 1 and receptor component protein) are found to colocalize in the smooth muscle cells of intracranial arteries and in large-sized neurons in the trigeminal ganglion. The CGRP receptor has also been localized within parts of the brain and the brainstem. The aim of this paper is to review recent localization studies of CGRP and its receptor components within the nervous system and to discuss whether these sites could be possible targets for the CGRP-receptor antagonists.
Introduction

Migraine
Migraine is defined as a neurovascular disorder affecting more than 10% of the global population with a prevalence of 1518% in females and 69% in males. The disorder is characterized by attacks of severe pulsating headache associated with nausea and vomiting and, in some cases, preceded by an aura (migraine with aura). Neurological symptoms including photophobia, phonophobia, scintillations, numbness and weakness are common. Migraine can be triggered by both internal and external triggers. In early studies migraine was first seen as a vascular disorder [Wolff, 1938] and then as a neurogenic disorder [Moskowitz, 1993; Moskowitz et al. 1979] . Currently, migraine is considered as a neurovascular disorder involving activation of the trigemino-vascular system with disturbance in the brainstem/brain. Intense research has been carried out to identify signal molecules associated with the trigeminal system; the only neuronal messenger so far reliably demonstrated in migraine attacks is the neuropeptide, calcitonin gene-related peptide (CGRP) [Durham, 2006; Goadsby et al. 1988 ].
The role of CGRP in migraine CGRP is a 37 amino acid neuropeptide and a potent vasodilator neuropeptide, which also has a role in the transmission of nociceptive information [Goadsby, 2007; Gulbenkian et al. 2001; Poyner, 1992; Edvinsson et al. 1987 ]. There are two forms of this peptide, aCGRP, which is predominantly expressed in the nervous system and bCGRP, which is primarily expressed in the enteric sensory system. In the central nervous system (CNS), CGRP is expressed in several regions such as the striatum, amygdale, hypothalamus, colliculi, brainstem, cerebellum and the trigeminal complex [Hokfelt et al. 1992; Skofitsch and Jacobowitz, 1985] . Moreover, CGRP is found in primary spinal afferent C and Ad fibres, which project to the brainstem. CGRP acts at second-order neurons in the trigeminal nucleus caudalis (TNC) and at C 12 levels, to transmit pain signals to the thalamus and higher cortical pain regions [Goadsby, 2007] . Early autoradiographic studies have shown CGRP-binding sites in the rat cerebellum, hippocampus, amygdale, cortex, brainstem and spinal cord [Sexton et al. 1988; Inagaki et al. 1986 ].
The potential role of CGRP in migraine pathophysiology was suggested 20 years ago Goadsby et al. 1990] , and several studies have since then revealed the correlation between migraine and cranial release of CGRP. Experimental and clinical studies have shown that there is an increased level of trigeminal system-released CGRP during migraine attacks [Bellamy et al. 2006; Goadsby and Edvinsson, 1993; Goadsby et al. 1990 ]. The most important evidence for the role of CGRP in migraine pain came recently from the development of CGRP-receptor antagonists [Ho et al. 2008a [Ho et al. , 2008b Olesen et al. 2004] .
CGRP-receptor antagonists
The CGRP-receptor antagonists are a new class of antimigraine drug, which act by blocking the action of CGRP on the CGRP-receptor complex ( Figure 1 ). The receptor for CGRP has been identified as a G-protein-coupled receptor of the B-subtype [Hay et al. 2008] . The functional receptor consists of a complex of a seven transmembrane spanning protein, calcitonin receptor-like receptor (CLR), a single transmembrane-spanning protein designated receptor activity modifying protein (RAMP)1 [Mclatchie et al. 1998 ], and an intracellular protein, receptor component protein (RCP) [Evans et al. 2000 ]. RAMP1 is involved in receptor trafficking and is required for CGRP binding to CLR, whereas the interaction of CLR with other RAMP proteins, RAMP2 or RAMP3, forms adrenomedullin receptors [Zhang et al. 2007; Foord and Marshall, 1999; Mclatchie et al. 1998 ].
Olcegepant (BIBN4096BS) was the first developed CGRP-receptor antagonist that showed clinical efficacy in intravenously administered treatment of acute migraine [Doods et al. 2007 ]. However, due to its low oral bioavailability, the development of this compound was terminated. Recently, telcagepant (MK-0974) was developed and is the first orally active CGRP-receptor antagonist that is effective in the acute treatment of migraine [Edvinsson and Linde, 2010] . In phase III trials, acute use of telcagepant was shown to have fewer side-effects than the currently used antimigraine drugs, 5-hydroxytryptamine (HT) 1B/1D agonists (triptans) [Ho et al. 2008a [Ho et al. , 2008b . The most important difference from the triptans is that telcagepant does not appear to constrict intracranial or coronary blood vessels Lynch et al. 2010 ].
The CGRP-receptor antagonists have opened a possible new option in migraine treatment [Edvinsson, 2008] . Consequently, many scientific questions have arisen, which need to be addressed. It is of great importance to clarify where the CGRP receptor is expressed and on which possible sites telcagepant has its therapeutic effect. The trigemino-vascular system is without doubt an interesting area for this because of its important role in migraine pathology [May and Goadsby, 1999] . Recent data demonstrate that there are several regions in the CNS that could play a role in nociception and in migraine pathology. The distribution of the CGRP receptors within these areas is discussed in the following. 
Distribution of the CGRP receptor
Vascular sites
As described before, CGRP is one of the most potent vasodilators and almost all vasculatures are innervated by CGRP-containing nerve fibres ; the intracranial CGRP fibres originate in the trigeminal ganglion. Distribution studies have shown the presence of the receptor components, CLR and RAMP1, in human middle meningeal, middle cerebral, pial and superficial temporal arteries [Oliver et al. 2002] , which is in accordance with CLR and RAMP1 mRNA expression in these vessels [Sams and Jansen-Olesen, 1998; Edvinsson et al. 1997 ]. In rat dura mater, CLR and RAMP1 have been localized to the smooth muscle layer of arterial blood vessels and mast cells [Lennerz et al. 2008] . In human cranial vessels, the receptor components are expressed in the smooth muscle layer ( Figure 2 ) Oliver et al. 2002] . In some studies, the presence of CLR mRNA has also been demonstrated in primary cultures of endothelial cells [Moreno et al. 1999] , there is observation of 'CGRPR-1' immunoreactivity in the endothelium of human coronary and bronchial vessel endothelial cells [Hagner et al. 2001 ]. However, RAMP1 expression is absent in most endothelial cells Oliver et al. 2002] , which reflects a minor role of the endothelial cells since CLR and RAMP1 must be expressed together to act as a functional CGRP receptor. This is in agreement with functional studies where CGRP-induced relaxation is independent of the endothelium [Edvinsson et al. 1998 [Edvinsson et al. , 1985 . Recently, the effect of telcagepant was studied on CGRP-induced vasodilatation on human cerebral and meningeal arteries, where telcagepant was able to block the vasodilatory effect of aCGRP on these blood vessels ]. The distributional and functional studies together suggest that the cranial arteries are a possible site of action of telcagepant in migraine treatment.
Moreover, CGRP is an important peptide in the cardiovascular system; that is, the human coronary circulation is innervated with CGRP-positive fibres [Gulbenkian et al. 1993] . As in the cranial arteries, CLR and RAMP1 are expressed in the coronary smooth muscle cell layer but not in the endothelial cells ]. Our in vitro study has shown that telcagepant does not cause any vasoconstriction of the coronary arteries, which suggests that telcagepant is unlikely to cause coronary side effects, opposed to the 5-HT 1B/D receptor agonists . In vivo, CGRP antagonists had no effect on coronary vascular function in dogs with 'ischaemia' but a 5-HT 1B/D receptor agonist caused more severe ischaemia Regan et al. 2009] .
No difference in the expression of CGRPreceptor components was found when comparing Figure 2 . Expression of CGRP and its receptor within the trigemino-vascular system. TG is in the centre and peripheral parts with CBV to the right and TNC to the left. In the TG, the CGRP is stored in small to mediumsized neurons whereas large neurons do not express CGRP. The CGRP receptor is localized in large neurons and satellite glial cells (arrowheads). The wall of the CBV has CGRP-containing nerves that transmit CGRP TO receptors in the SMC. In the TNC, fibres express CGRP and the CGRP receptor, where CGRP may act presynaptically. CBV, cerebral or meningeal blood vessel; CGRP, calcitonin gene-related peptide; SMC, smooth muscle cells; TG, trigeminal system with ganglion; TNC, trigeminal nucleus caudalis.
human proximal and distal coronary arteries Gupta et al. 2006 ]. It remains to be evaluated if there is any difference between cranial and coronary arteries in the expression of the CGRP receptor. The functional studies suggest more CGRP receptors in cranial arteries based on the pharmacology with more potent and stronger vasodilator effects in the cerebral and meningeal versus coronary arteries.
Trigeminal ganglion
The trigeminal ganglion consists of bipolar neurons of different cell sizes and two types of glial cells; satellite glial cells and Schwann cells. About 50% of the neurons in human and rat trigeminal ganglia express CGRP [Eftekhari et al. 2010b; Lennerz et al. 2008; Tajti et al. 1999] . CGRP co-expresses with substance P and 5-HT 1B/D receptors [Hou et al. 2001] . The distribution of the receptor components in the rat trigeminal ganglion has been demonstrated by immunohistochemistry [Lennerz et al. 2008] , and recently by our group in the human trigeminal ganglion [Eftekhari et al. 2010b ]. We found that 37% of neurons express CLR and 36% express RAMP1 and the receptor components were co-expressed in most cases. In human and rat trigeminal ganglia, CGRP was expressed in small to mediumsized neurons. These cells lacked expression of the CGRP-receptor components (Figure 2) . The receptor components were instead found in CGRP-negative, large neurons and some satellite glial cells [Eftekhari et al. 2010b ]. The combination of CGRP and the receptor components was uncommon and then only found in small to medium-sized cells. This suggests a low presence of putative autoreceptors within the human and rat trigeminal ganglion. Neurons only expressing one of the receptor components were also observed, indicating that there might be situations when the CGRP receptor is not expressed as a functional receptor. However, this needs to be further evaluated. Apart from the difference in cell size of neurons expressing CGRP, CLR and RAMP1, there is a difference in thickness of fibres expressing CGRP and the receptor components. CGRP is found in thin fibres with a 'pearl-like' structure, while the receptor components are expressed in thicker fibres. The receptor components co-expressed with a marker for neurofilaments of molecular weight 160200 kDa, suggesting that the receptor-positive fibres belong to Ad-fibres while the thin fibres may be of the C-type of unmyelinated sensory nerves [Eftekhari et al. 2010b ].
Interestingly, both immunohistochemical and in vitro studies have shown that the glial cells of the trigeminal ganglion express CLR and RAMP1 [Eftekhari et al. 2010b; Vause and Durham, 2010; Lennerz et al. 2008; Li et al. 2008 ]. In our work we observed CLR and RAMP1 expression in the cytoplasm of satellite glial cells, but not in the Schwann cells. Several studies have pointed out a putative, essential role of glial cells in the trigeminal ganglion [Dublin and Hanani, 2007; Hanani, 2005] , where this cell type communicates with the neurons via gap junctions [Thalakoti et al. 2007 ]. Furthermore, nitric oxide and pro-inflammatory cytokines can be released from the satellite glial cells when CGRP is released within the ganglion [Capuano et al. 2009; Li et al. 2008; Thalakoti et al. 2007 ]. In a recent study it was shown that CGRP treatment increased the release of many cytokines and mRNA levels of proteins involved in mitogenactivated protein kinase signalling in cultured trigeminal ganglia enriched with glia [Kristiansen and Edvinsson, 2010; Vause and Durham, 2010] . The function of the localization of CGRP receptor in satellite glial cells needs to be evaluated, however these results suggest that these cells could play a role in migraine pathology and, together with the trigeminal neurons, be a site of action for the CGRP-receptor antagonists.
Brainstem and the spinal cord
It is thought that CGRP acts postjunctionally on second-order neurons to transmit pain signals centrally via the brainstem and midbrain to the thalamus and higher cortical regions. Neurons of the trigeminal ganglion have further connections with neurons in the TNC in the brainstem and in related extensions down to the C 12 level [Liu et al. 2009 ]. Several studies have investigated the role of the brainstem in migraine pathology and its possible site of action for the CGRPreceptor antagonist.
It has been hypothesized that brainstem stimulation can cause activation of the trigemino-vascular system, resulting in CGRP-dependent vasodilatation [Just et al. 2005] . In patients, a migraine-active region in the brainstem has been demonstrated with positron emission tomography (PET) [Goadsby, 2005; Diener, 1997; Weiller et al. 1995] . Consequently, studies have focused on detailed mapping of CGRP and its receptor in the brainstem.
Early immunohistochemical studies revealed the presence of strongly positive CGRP fibres in the TNC and spinal cord in different species [Smith et al. 2002; Unger and Lange, 1991; Gibson et al. 1984] . The CGRP-receptor components have been localized in the superficial laminae (in glomeruli-like structures), partially colocalizing with CGRP. No CGRP, CLR or RAMP1 positive neurons are found in the rat TNC [Lennerz et al. 2008] , which is in agreement with a study of rat spinal cord [Cottrell et al. 2005] . Positive neurons for CGRP and its receptor have been found in the dorsal root of ganglia (DRG), where low levels of CLR and RAMP1 were expressed in the soma of neurons. The receptor components were mostly expressed in larger neurons, co-expressed with a marker for Ad fibres, and the combination of CGRP with CLR occurred in small-sized neurons and bound to a marker for C fibres [Cottrell et al. 2005] . The difference in cell size expressing CGRP and the receptor components in DRG is similar to the findings in rat and human trigeminal ganglia. In the dorsal horn of rat spinal cord, CLR and RAMP1 were detected in fibres within laminae I and II. The presence of receptor components in the spinal cord is supported by the mRNA expression of RAMP1 and RCP, detected with specific oligonucleotides for in situ hybridization [Oliver et al. 2001 ].
In rat TNC, it is suggested that CGRP and its receptor components are localized in terminals from primary afferents [Lennerz et al. 2008] . In contrast, CLR did not colocalize with neuropeptides of primary spinal afferents in the dorsal horn of rat [Cottrell et al. 2005] .
We are presently examining the expression of CLR and RAMP1 in the human TNC. Preliminary results show that the receptor components are distributed predominantly on fibres in the spinal trigeminal tract, with some fibres spanning into the superficial laminae, where a strong CGRP-positive network is found (Figure 2) . No neuronal cell bodies positive for CGRP or its receptor were found within the human TNC . These results suggest that CGRP and the receptor components occur on nerve terminals, where CGRP may act presynaptically. However, a better understanding of the different fibre types expressing CGRP, CLR and RAMP1 in brainstem is needed.
Cerebellum
The cerebellum is important in modulating many cortical motor and sensory inputs. The cerebellum exerts an inhibitory control in the cerebral cortex and thus may play an important role in the filtering of sensory inputs [Strata et al. 2009] . A reduction in cerebellar inhibition in migraineurs with aura has been demonstrated [Brighina et al. 2009 ].
Interestingly, the activation of cerebellar regions has been demonstrated by PET of patients during migraine attacks [Bahra et al. 2001; Weiller et al. 1995] . However, no explanation for the activation has emerged. The cerebellum is of interest in migraine research since upcoming studies suggest a role of the cerebellum in migraine pathology [Vincent and Hadjikhani, 2007] . In a review Vincent and Hadjikhani describe how spreading depression, cerebellar dysfunction and familial hemiplegic migraine (FHM) are connected to the cerebellum and migraine [Vincent and Hadjikhani, 2007] .
Spreading depression, which consists of a spreading wave of depolarization associated with a reduction of cortical activity, has been related to migraine. This has been recorded in various tissues including the cerebellum [Vincent and Hadjikhani, 2007] . FHM is a rare autosomal dominant type of migraine. FHM1 is one subtype that is related to mutations of the CACNA-1A gene, coding for a subunit of the high voltage-gated P/Q calcium channels [Pietrobon, 2007] . This channel plays a pivotal role in neurotransmitter release and influences neuronal excitability. P/Q calcium channels are expressed throughout the CNS, particularly in the Purkinje cells of the cerebellum [Vincent and Hadjikhani, 2007] . Interestingly, it has been shown that CGRP and its receptor are expressed in the cerebellum and the Purkinje cells [Eftekhari et al. 2010a ].
CGRP expression in cerebellar Purkinje cells and its elaborated dendrite tree has previously been demonstrated by immunohistochemistry [Kawai et al. 1985] . Furthermore, CGRP distribution in different developmental stages in rats has been investigated [Morara et al. 2001 [Morara et al. , 2000 [Morara et al. , 1989 . It has been shown that CGRP is transiently expressed in cerebellar climbing fibres [Morara et al. 2001; Gregg et al. 1999] , while its receptor is suggested to be expressed in cerebellar glial cells [Morara et al. 2008 [Morara et al. , 1998 ]. The receptor localization within the cerebellum reported above is not in agreement with a recent detailed immunohistochemial study on rat cerebellum, performed in our laboratory [Eftekhari et al. 2010a ]. Our study revealed that CGRP immunoreactivity is only observed in the cerebellar Purkinje cell bodies as intracellular granular staining, similar to the staining pattern of the neurons in the trigeminal ganglion [Eftekhari et al. 2010b ]. The receptor components, CLR and RAMP1, were detected on the surface of the Purkinje cell bodies and in their processes. The receptor components co-expressed in the Purkinje cell bodies suggests the presence of functional CGRP receptors within the cerebellum. The glial cells of the cerebellum were also studied in detail with stacking images confocal microscopy (a three-dimensional study). There receptor components were not expressed in the glial cells.
The discrepancies of the CGRP-receptor components localization in the cerebellar glial cells could be due to several factors. In the early studies of Morara and colleagues (Morara et al. 2000 (Morara et al. , 1998 , they used an antibody against the CGRP receptor. At that time the CGRP receptor was not well characterized [Hay et al. 2008 ]. Subsequently, it has been shown that the functional CGRP receptor consists of three different components, CLR, RAMP1 and RCP. In our study, we were able to use newly produced specific antibodies against two of the receptor components; CLR and RAMP1 (Eftekhari et al. 2010b ). Morara and colleagues later used an antibody against RCP. However, this study was performed on cerebellar astrocytes from neonatal mice [Morara et al. 2008] , which raises the question about species and methodology differences. It remains to study the expression of CGRP and its receptor in other species. It is important to note that Morara and colleagues studied the expression of the CGRP receptor in the glial cells during development stages of the rat. We performed our study on adult rats. Despite the discrepancies, the studies clearly point towards a functional role of CGRP in the cerebellum, where a CGRP-receptor antagonist could act on a cerebellar site.
Conclusions
Migraine is a complex neurovascular disorder with the neuropeptide CGRP being implicated in the underlying migraine pathology. The CGRP receptor has long been regarded as an important target for the development of antimigraine therapies. Telcagepant is an orally available CGRPreceptor antagonist currently in late stage clinical testing for the treatment of acute migraine [Ho et al. 2008a [Ho et al. , 2008b . It remains to be determined if the antimigraine action of this CGRP-receptor antagonist is mediated via central or peripheral mechanisms, or both. Drug studies have shown that high doses of CGRP-receptor antagonists are needed to elicit therapeutic effects. It has been suggested therefore that the CGRP antagonists need to penetrate the bloodbrain barrier to access their target and achieve acute antimigraine efficacy [Edvinsson and Ho, 2010; Edvinsson and Tfelt-Hansen, 2008] . Telcagepant is a P-glycoprotein substrate, which thereby reduces its brain penetration [Ho et al. 2010] . In clinical trials it was shown that 150 mg and 300 mg were effective doses of telcagepant [Ho et al. 2010; Connor et al. 2009 ]. However, at this time, it is not known if these clinical doses are enough for central action and to what extent the substance is able to penetrate the bloodbrain barrier. RAMP1 mRNA has been demonstrated in the subfornical organ and area postrema, which are circumventricular organs lacking bloodbrain barrier characteristics [Barth et al. 2004; Ueda et al. 2001] . Such sites may not need full penetration of telcagepant and could be a site of action. However, functional CGRP receptor (CLR and RAMP1) expression in these areas must be clarified.
Localization studies of CGRP and its receptor components are discussed in this review. Sites of CGRP and its receptor expression are found both in the periphery and CNS, suggesting both vascular and neuronal actions. In summary, we suggest that the trigemino-vascular system is the key target together with parts of the brain in migraine pathology and that the CGRP-receptor antagonists may act on these sites in the treatment of migraine. The combination of localization studies and CGRP-receptor PET-tracer experiments may help to clarify further the exact sites of action of the newly developed CGRP-receptor antagonists.
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